Objectives: Surgical resection of benign bone tumors and tumor-like lesions at the femoral neck presents a difficult reconstructive challenge. However, the safety and efficacy of free nonvascularized fibular autografts (FNFAs) in the treatment of femoral neck tumor-like lesions before epiphyseal closure in young patients remain unknown. Methods: Sixteen pediatric patients who had not yet undergone epiphyseal closure were treated with FNFAs after resection of tumor-like lesions in the femoral neck from August 2012 to September 2016. All patients underwent supplementary skeletal traction through the supracondylar femur for 4 to 6 weeks after resection. Demographic data were recorded and clinical and radiological outcomes were evaluated during the follow-up.
Introduction
Benign bone tumors and tumor-like bone lesions located in the femoral neck can result in osteoarticular deformities, hip strength reduction, pathologic fracture, gait disturbances, and disabling sequelae. Lesions located in the femoral neck are believed to contribute to a high risk of fracture. In addition, bone defects in the femoral neck resulting from surgical resection of benign bone tumors and tumor-like bone lesions present a difficult reconstructive challenge.
Various reconstruction protocols can be employed, each of which has its particular merits and drawbacks. Synthetic bone substitutes are often needed in clinical bone reconstruction and regeneration.
1,2 These substitutes are not at risk of disease transmission, and their quantity may not be limited. 3 Another advantage is their osteoconductive property, which can encourage bone union. 4 However, some potential defects of synthetic bone substitutes include the inability to provide sufficient stability for bone structural reconstruction and the lack of an osteoinductive property. 5 Allografting is one solution for bone defects after tumor resection. However, a high risk of complications, such as infection, nonunion, delayed union, and fracture, is one of the disadvantages of allografting. 6 The structural characteristics of the fibula and minor donor-site morbidity make this bone appropriate in the treatment of bone defects in the limbs. 7, 8 The fibular graft provides stabilization as well as osteoinductive and osteoconductive properties that can promote bone union. 9 This graft can also prevent avascular necrosis 10 and collapse of the femoral head. 11 Moreover, it is technically easy to harvest the graft.
To the best of our knowledge, few studies have focused on the safety and efficacy of free nonvascularized fibular autografts (FNFAs) in the treatment of benign bone tumors and tumor-like bone lesions in the femoral neck. Therefore, this study was performed to evaluate the clinical and radiological outcomes of FNFAs in the treatment of tumor-like bone lesions in the femoral neck before epiphyseal closure in pediatric patients.
Patients and methods

Ethical approval
This study was authorized by the Ethics Committee and Institutional Review Board of Yulin Orthopedics Hospital of Chinese and Western Medicine (Yulin, China). It was performed according to the Helsinki Declaration, 12 and written informed consent was provided by each patient's parents. This study was registered at clinicaltrials.gov (NCT03129230).
Inclusion and exclusion criteria
This retrospective study included pediatric patients who had not yet undergone epiphyseal closure and had tumor-like lesions in the femoral neck. No adult patients or pediatric patients who had undergone epiphyseal closure were included in the study. All patients underwent lesion resection followed by application of an FNFA and skeletal traction through the supracondylar femur from August 2012 to September 2016.
Preoperative assessment
The histological types of tumor-like lesions in the femoral neck were aneurysmal bone cysts, bone cysts, and eosinophilic granulomas of the bone (Figure 1 ). All patients had persistent pain of 1 to 3 weeks' duration in the femoral neck resulting from tumor-like lesions before reconstructive surgery. Clinical assessments before reconstructive surgery included a complete history, physical examination, laboratory tests, conventional radiographs, and magnetic resonance imaging (MRI) of the affected hip. The status of the bone and assessment of the bone defect in the affected hip were evaluated through preoperative X-ray images, computed tomography, and MRI. Biopsy was performed on every patient after the abovedescribed clinical assessment.
Harvesting of fibular grafts
The length of the fibula needed for packing into the bone defect of the affected femoral neck was evaluated from the preoperative MRI scans. Before resection of the tumorlike lesions, the fibular graft was harvested by two posterolateral straight incisions along the fibula. One incision was located in the proximal site of the required fibular segment, and the other was located in the distal site of the required fibular segment. The length of each incision was about 2.0 cm (Figure 2) . The fibula was then exposed and dissected subperiosteally. The osteotomy procedures were performed at both ends of the required fibular segment using a wire saw. The fibular segment between the two incisions was not exposed. The periosteum of the required fibular segment was carefully detached subperiosteally beginning from the distal end of the required fibula. Next, after rotation of the middle segment of the fibula between the two incisions, the segment of the required fibula (7-10 cm in length) was harvested. The periosteum was closed to facilitate postoperative fibular regeneration, and the incision was closed without drainage. After harvesting of the required fibula, 4 cm of the proximal fibula was preserved to ensure knee stability, and 8 cm the distal fibula was preserved to ensure ankle stability.
Surgical procedure on the hip
Preparation of the affected hip after harvesting of the free nonvascularized fibula was performed by the same team of surgeons. Every patient in the study was placed in the supine position. An anterior approach to the affected hip was employed. A straight incision was made in the anterior hip capsule. The fenestration procedure was performed at the anterior aspect of the affected femoral neck using a high-speed burr or bone chisel. As much pathological tissue as possible, including bone and soft tissue, was removed from the lesion site by curettage. The soft tissue and bone tissue in the affected site was saved for postoperative histopathological examination. The sclerotic bone within the affected site was resected by a high-speed burr, and the surgical wound was washed with a pulse irrigation system. The free nonvascularized fibula (single fibular strut or double fibular strut) was positioned into the femoral neck cavity. If the patient had no pathological fracture either preoperatively or postoperatively or had a low risk of fracture postoperatively, neither end of the fibula was fixed to the recipient's bone by Kirschner wires or screws ( Figure 3 ). If the patient had a pathological fracture either preoperatively or postoperatively or had a high risk of fracture postoperatively, both ends of the fibula were fixed to the recipient's bone by 2-mm Kirschner wires only ( Figure 4 ). Synthetic bone substitute or allograft cancellous bone was then packed into the cavity in the femoral neck around the free nonvascularized fibula. Skeletal traction through the supracondylar femur was conducted on every patient after closure of the hip wound.
Postoperative care
The mean follow-up period was 24 months (range, 7-54 months). During the followup, the Harris hip score were used to assess functional outcomes. The clinical assessments were performed using four classes: excellent, no hip pain and a hip rating of >90 points; good, mild discomfort or restriction of hip motion and a hip rating of 80 to 89 points; fair, mild or moderate hip pain with a hip rating of 70 to 79 points and any reduction in the hip score after the operation; and poor, severe hip pain or grossly limited motion and a hip rating of <69 points.
The patients were evaluated with radiographs to assess the evidence of bone union. When radiological bony union between the ends of the fibular graft and the recipient bone was evaluated according to Hsu et al., 13 bone union was considered to have been obtained. Complications resulting from the fibular autograft and the tumor-like lesions (e.g., infection, fracture, nonunion, local recurrence, early epiphyseal closure, deformity of the proximal femur, and necrosis of the femoral head) were evaluated postoperatively. During the followup, free fibular donor site morbidity was evaluated in terms of weakness of the foot evertors and great toe flexors.
Skeletal traction through the supracondylar femur was conducted on every patient for 4 to 5 weeks postoperatively. During skeletal traction through the supracondylar femur, the patient performed ankle pumps, static quadriceps exercises, and knee and hip exercises under the supervision of a physiotherapist. The skeletal traction through the supracondylar femur was removed 4 or 5 weeks postoperatively. Gradual weight bearing of the affected hip was then tolerated for 3 weeks using crutches, followed by full weight bearing. At 7 or 8 weeks after the primary surgery, the Kirschner wire fixed to the fibular graft in patients with pathological fractures was removed, and the patients were then allowed a gradual range of joint movement.
Clinical and radiographic assessments were performed at 4 weeks, 8 weeks, 3 months, 6 months, 12 months, and 24 months following the primary surgery.
Statistical analysis
The Harris hip score was evaluated using Student's test, and a P-value of <0.05 was considered statistically significant.
Results
Patients and reconstructions
Sixteen patients were treated with FNFAs to reconstruct bony defects after resection of tumor-like lesions of the femoral neck. The patients comprised 10 males and 6 females with a mean age of 9.5 years (range, 7.3-13.5 years) at the time of the operation. The primary diagnoses were aneurysmal bone cyst (n ¼ 7), bone cyst (n ¼ 4), and eosinophilic granuloma of the bone (n ¼ 5). The mean length of the bony defect after resection of tumor-like lesions in the femoral neck was 4.0 cm (range, 3.7-5.1 cm). After resection of the tumor-like lesion in the femoral neck, the FNFA (single fibular strut or double fibular strut) was positioned into the femoral neck cavity. Allogeneic cancellous bone or synthetic bone substitute was then positioned around the FNFA.
Clinical outcomes
The mean follow-up period after surgery was 24 months (range, 7-54 months). All patients were asymptomatic within 1 month after surgery. Radiological bone union between the ends of the fibular graft and the recipient bone was achieved in all patients at a mean of 5 weeks (range, 4-6 weeks) ( Figure 5 ). When bone union was obtained, the skeletal traction through supracondylar femur was removed. Partial weight bearing of the affected extremities was then allowed. Full weight bearing of the affected extremities was allowed 7 to 8 weeks postoperatively, when complete bony union between the ends of the fibular graft and the recipient bone was confirmed on radiographs. The Harris hip scores of the affected extremities are summarized in Table 1 . At the last follow-up (mean of 24 months), the mean postoperative Harris hip score of the affected extremities had significantly improved compared with the mean preoperative Harris hip score of the affected extremities (p < 0.05). In 6 of the 16 patients, more than 95% of the length of the fibula in the donor site had regenerated at the last follow-up. In these patients, complete bony union was absent between the proximal fibula and the regenerating fibular segment ( Figure 6 ). In the other patients, the fibular segment in the donor site was completely regenerated, and complete bony union was present between the proximal or distal fibula and the regenerating fibular segment (Figure 7 ). after the surgical revision ( Figure 6 ). Postoperatively, 2 of 16 patients had a slight varus deformity of the affected hip. However, these two patients had exhibited a varus deformity caused by a pathological fracture malunion preoperatively. The other patients without epiphyseal injury or pathological fracture malunion preoperatively did not present a varus deformity or valgus deformity in the affected hip after the surgical revision. During the follow-up period, no patients showed signs of fibula donor site morbidity in the donor extremities (e.g., incisional pain, superficial peroneal nerve or common peroneal nerve injury, deformity of the tibia, deformity of the knee joint, deformity of the ankle joint, knee instability, or ankle instability).
Results and complications of treatment
Discussion
The femoral neck is one of the most common sites for benign bone tumors and tumor-like lesions. 14, 15 These lesions located in the femoral neck can cause substantial loss of mechanical strength, recurrent pain, deformity, hip joint dysfunction, bone defects, and pathological fractures. Because of their special anatomical structure and biomechanical properties, treatment of benign bone tumors and tumor-like lesions in the femoral neck often poses many formidable challenges. Pathological fracture of the femoral neck is a potentially disastrous complication for the patient. Several therapeutic protocols may be used for benign bone tumors or tumor-like lesions in the femoral neck. These protocols include curettage and bone grafting with or without internal fixation. [16] [17] [18] Internal fixation may not be suitable for pediatric patients who have not yet undergone epiphyseal closure because this treatment may cause epiphyseal injury. Every treatment effort in these patients should be directed toward hip joint salvage and should not cause epiphyseal injury. There is no consensus regarding the optimal therapy for femoral neck benign bone tumors or tumor-like lesions in pediatric patients before epiphyseal closure. Some studies have been performed to assess the clinical outcomes of surgical therapy for benign bone tumors or tumor-like lesions in the femoral neck through the use of autogenous cancellous bone grafts, allografts, autogenous cancellous bone and allografts, vascularized or nonvascularized fibular grafts, and fixation of compression hip screws combined with autogenous cancellous bone and allografts. [19] [20] [21] [22] One recent study involved treatment of benign bone tumors, including femoral neck lesions, in adults using compression hip screws and synthetic bone substitutes. 23, 24 To the best of our knowledge, however, the use of FNFAs in the treatment of femoral neck benign bone tumors or tumor-like bone lesions in pediatric patients before epiphyseal closure has not been reported. In this study, we evaluated the clinical and radiological results of surgical therapy for tumor-like lesions of the femoral neck in pediatric patients before epiphyseal closure using FNFAs in addition to autogenous cancellous bone or allografts or synthetic bone substitutes. George et al. 25 reported the clinical outcomes of nonvascularized autologous fibular grafts in the treatment of benign lesions in the proximal femur. In their study, two patients developed tumor recurrence postoperatively, and none developed pathological fractures postoperatively. In the present study, one patient developed postoperative tumor recurrence. This may have been related to incomplete removal of the lesion in the femoral neck. Therefore, complete removal of the lesion is necessary to prevent postoperative recurrence. Preservation of the epiphyseal segment can afford further growth in children and adolescents. The risk of hip varus or valgus deformities will increase, even if the epiphysis is partially preserved. [26] [27] [28] [29] [30] In the present study, two patients with partial epiphyseal injury preoperatively showed hip varus deformities postoperatively. The other patients with or without pathological fractures preoperatively did not develop hip varus or valgus deformities postoperatively. This may have been related to preservation of the integrity of the epiphysis. In our study, the FNFA (single fibular strut or double fibular strut) was positioned into the femoral neck cavity after resection of the lesion without hip compression screw fixation. For patients with preoperative pathologic fractures, internal fixation with a Kirschner wire was performed after the fibula was implanted. All of the above strategies can reduce the risk of epiphyseal injury. Two patients with a preoperative partial epiphyseal injury in addition to a pathological fracture developed early epiphyseal closure postoperatively. The other patients with or without preoperative pathological fractures showed no early epiphyseal closure. No other complications occurred in the recipient site postoperatively, such as superficial or deep infection, pathological fracture, or osteonecrosis of the femoral head. If at least 50% of the bone cortex of the femoral neck is affected by the bone lesion or more than 50% of the diameter of the femoral neck is affected by the bone lesion, surgical reinforcement of the proximal femur after resection of the bone lesion is necessary to prevent postoperative fracture. 31 Some authors have achieved structural reinforcement through compression hip screws in addition to autogenous fibular cortical strut grafts or synthetic bone substitutes after resection of bone lesions. In the present study, however, the FNFA (single fibular strut or double fibular strut) was positioned into the femoral neck cavity after resection of the bone lesion without a compression hip screw. For patients with pathological fractures either preoperatively or intraoperatively, both ends of the fibula were fixed to the recipient bones by 2-mm Kirschner wires only. Skeletal traction through the supracondylar femur was performed on every patient for 4 to 5 weeks. None of the 16 patients showed postoperative fracture or early epiphyseal closure associated with epiphyseal injury. Structural stability of the femoral neck can be obtained by a fibular cortical strut graft combined with skeletal traction through the supracondylar femur. In our study, the postoperative function of the affected extremity in all patients significantly improved compared with the preoperative function of the affected extremity.
Free fibular grafts have been widely used for the reconstruction of bone defects because they can provide mechanical strength and stimulate bone union. Free fibular grafts may be vascularized or nonvascularized. Free vascularized fibular grafts are usually used to reconstruct skeletal defects of >6 cm. 32, 33 These grafts offer the potential for more rapid autograft union and have a higher union rate 34 compared with FNFAs. However, free vascularized fibula grafts also have several disadvantages, including the requirement to perform microvascular surgical technique, an increased risk of infection by a prolonged surgery time, the risk of anastomosis failure due to thrombosis, and greater donor-site morbidity. 35 The most common type of donor-site morbidity after application of free vascularized fibular grafts is weakness of the donor leg muscles originating from the fibula. 36, 37 However, the FNFA has several advantages over free vascularized fibular grafts. For instance these grafts have a lower technical demand for the surgeon and can reduce donor-site complications. 38, 39 Several recent studies have shown that FNFAs harvested by a minimally invasive technique had the same benefits as FNFAs harvested by the periosteum-preserving technique in the treatment of bone defects in children and adults. [40] [41] [42] In the above-mentioned studies, complete regeneration of the donor site after FNFA harvesting was obtained in most patients. In the present study, the FNFAs were harvested by the periosteumpreserving technique and positioned into the bone cavity after resection of the tumor-like lesions in the femoral neck. No patients developed donor-site complications such as incisional pain, infection, ankle instability, or peroneal nerve damage. Complete regeneration of the fibula at the donor site occurred within 12 weeks (range, 5-18 weeks) in most patients, which is similar to the results of other studies. 43, 44 Bony union between the ends of the fibular graft and the recipient bone was achieved in all patients at a mean of 5 weeks (range, 4-6 weeks), which is similar to the results of another study. 45 This study had several limitations. Only a small number of patients could be included in the study, the mean follow-up time was relatively short, and there was no control group.
Conclusion
FNFAs harvested by a minimally invasive technique may be an attractive protocol in the treatment of tumor-like bone lesions in the femoral neck before epiphyseal closure in pediatric patients.
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